During metal forming processes such as rolling and forging, deformable manganese sulfide (MnS) inclusions become elongated. Such elongated MnS inclusions can have considerable adverse effects on mechanical properties, if the inclusions are not aligned with the loading direction. The objectives of this study were to evaluate and compare fatigue, monotonic tensile and CVN impact behavior of SAE 4140 steel with high (0.077% S), low (0.012% S) and ultra low (0.004% S) sulfur contents at two hardness levels (40 HRC and 50 HRC). The longitudinally oriented samples at 40 HRC, where MnS inclusions were oriented along the loading direction, did not exhibit any significant sensitivity of tensile or fatigue properties to the sulfur content. For the transversely oriented MnS inclusions, however, the monotonic tensile test results indicate very low ductility of the high sulfur material at both hardness levels, where specimens failed shortly after yielding. The yield strength of the materials, however, did not differ significantly with the sulfur content. With regards to fatigue strength, the high sulfur material had up to 25% lower fatigue strength than the ultra low sulfur material under transverse loading. The scanning electron microscopy (SEM) inspection of failed fatigue test specimens revealed that the fracture topography of the high sulfur material were very rough and jagged, indicating several cracks originating from MnS inclusions. The fracture surfaces of the other two materials with lower sulfur content exhibited typical fatigue fracture surfaces with clear initiation and final fracture regions.
INTRODUCTION
Metal forming processes such as rolling and forging often result in anisotropic microstructure and elongation of deformable MnS inclusions. The elongated MnS inclusions are of different effective area when loaded along different axes. This results in anisotropy of fatigue and monotonic properties. Although the presence of sulfur improves the machinability of steel, deformable MnS inclusions cause anisotropy in mechanical and fatigue properties.
In a study involving billet and bar specimens Furuya et al (1) reported that at 10 8 cycles the axial fatigue strength in the transverse direction was about half of that in the rolling direction, and that large but thin MnS inclusions were responsible for this deterioration in fatigue strength. Temmel et al (2) studied the effect of MnS inclusions on axial fatigue limit by conducting tests on steels at two sulfur levels (0.004% S and 0.042% S) and reported a reduction of fatigue limit in the transverse direction at both sulfur levels. Increasing the sulfur content by a factor of 10 resulted in a decrease of the fatigue limit in the transverse direction by up to 38%. Temmel et al also reported that ductility was affected the most among the tensile properties of the higher sulfur steel under transverse loading.
Kage and Nisitani (3) (4) (5) (6) (7) (8) studied anisotropy in low carbon rolled steels under tension-compression, torsion and rotating bending loading conditions. Monotonic tension tests were conducted on specimens oriented at 0°, 22.5°, 45°, 67.5° and 90° to the rolling direction. These tests revealed that the yield strength was reduced in the 67.5° and 90۫ oriented specimens by about 25% when compared to the specimen oriented at 0°, the ultimate tensile strength reduced by 8%, the area contraction reduced by about 23% and the true stress at fracture by about 26%. The bending fatigue limit was reduced by 10.5% while no significant anisotropy was noticed in static or cyclic torsion tests (3) . Kage and Nisitani (4) reported that annealing decreased the anisotropy of monotonic properties and fatigue limits under rotating bending loading conditions slightly.
For push-pull fatigue, Kage and Nisitani (5) reported that there is remarkable anisotropy between the fatigue strength in the rolling and thickness directions. This was attributed to the fatigue crack initiating from slip bands and grain boundaries in the rolling direction specimens, while cracks initiated from inclusions in the thickness direction specimens. Both the life to crack nucleation and to final failure (propagation) were much lower in the transverse direction than in the rolling direction. They reported that anisotropy in low-cycle and high cycle torsional fatigue between the rolling and the thickness directions was not significant because the inclusions contributed to crack initiation in both orientations. This was further explained by the existence of similar effective inclusions along the maximum shear stress planes for both directions (5) .
Kage and Nisitani (7) also compared the effects of barshaped and plate-shaped inclusions under torsion and bending loading conditions on specimens oriented at 0°, 45° and 90° to the rolling direction. They reported that the plate shaped inclusions had a more negative effect on fatigue life in both loading cases. It was observed that for the material with bar-shaped inclusions, only the failure of the thickness direction specimen in bending fatigue originated from inclusions. In the case of the material with plate shaped inclusions, it was observed that the failures of the 45° specimen and thickness direction specimens under bending loading condition originated from inclusions. In torsional fatigue, it was noted that fatigue cracks develop in all specimens from inclusions in the material with circular plate type inclusions. The authors state that in each specimen orientation, the fatigue limit in torsion was governed by the limiting condition for the non propagation of cracks that initiated from the inclusions, whereas in bending fatigue some cracks did not initiate from inclusions depending on the direction where the specimen was removed. In order to explain the anisotropy in fatigue life between the rolling direction and thickness direction in rotating bending, the authors assumed that the inclusions in the thickness direction could be regarded as cracks, so that the total life of the specimen in the thickness direction would be equal to the crack growth life. In the rolling direction specimens, the fatigue cracks mostly originated at the grain boundaries and the fracture surface at the boundaries was very smooth. The high inclusion transverse specimens were reported to exhibit very rough fracture surfaces as a result of multiple cracks originating from inclusions (2, 8) .
Specimens prepared from the rolling and thickness direction of strength-anisotropic rolled steel subjected to a tensile pre-strain were tested in rotating bending fatigue tests (Kage and Nisitani) (6) . The tensile pre-strain caused the separation of inclusions from the material in the case of the thickness direction specimens and the fatigue limit increased. The authors state that regardless of the percentage of tensile pre-strain, the fatigue limit in the transverse direction was still determined by the propagating limit conditions for non-propagating cracks originating from inclusions. They report that for all cases of pre-strain, the inclusions did not have any relation to the crack initiation in rolling direction specimens. In both directions, the locations of concentration where the slip bands originated in the fatigue process were the same for the pre-strained specimens as with the ones without pre-strain.
In the present study, SAE 4140 steel was produced to three different sulfur levels and two hardness levels and tested under axial fatigue, monotonic tensile and impact loading conditions. This paper presents the experimental procedures, the results obtained and the fractography analysis of the fracture surfaces.
MATERIAL AND SULFUR CONTENT
The material used in this study was SAE 4140, supplied in three different sulfur levels (high: 0.077%; low: 0.012% and ultra low: 0.004%). Table 1 shows the chemical composition of the three heats. The material was continuous cast as a 150 mm square cross section. Pieces were reheated to 1180 °C, and forged into a 65 mm square cross section. The reduction ratio was 5.76 to 1. After forging, the material was normalized at 900 °C and transverse fatigue sample blanks were cut from the 1/4 th thickness position. The specimens were then machined from square crosssectioned 16 mm x 16 mm x 65 mm coupons. Figure 1 shows the sample arrangement for the testing of transverse fatigue samples where L in the figure designates the steel bar longitudinal direction. Charpy Vnotch impact test samples were cut from the same 1/4 thickness position in both the L and T orientations. Partially machined specimens were reheated to 900 °C, quenched, and tempered to achieve the HRC 40 and 50 hardness levels.
Samples for longitudinal fatigue tests were obtained from 29.8 mm diameter hot rolled bars representing a reduction ratio of 33:1. Inclusion ratings were obtained on samples representing the fatigue test specimen locations and fracture plane orientation. Figure 2 shows the inclusion level in the plane perpendicular to the applied load for the longitudinal samples (9) . Figure 3 shows the inclusion level for the three transverse materials in the LT plane, as shown in Figure 1 , along with the inclusion rating numbers. These pictures indicate large, elongated MnS inclusions in the plane perpendicular to the applied load for the transverse samples, while the MnS inclusions are round and of smaller size for the longitudinal samples. The inclusion type A (sulfides) ratings indicate that the high sulfur material has approximately seven times more sulfide inclusions than the lower sulfur materials. Also, the lower sulfur materials have no heavy sulfides. From the figure, the maximum inclusion size appears to be the same for the low sulfur and the ultra low sulfur materials, although the ultra low sulfur material has a much lower distribution of sulfides.
Inclusions were also characterized based on area fraction (standard JIS G0555 (10) ) and size distribution (DIN 50602 K rating) (11) . Figure 4 shows the relation between the area fraction of the inclusions in the LT' direction and the sulfur content. It is apparent from the figure that the apparent area fraction is much larger for the transverse samples than the longitudinal samples for the same sulfur content. For the transverse samples, the sulfide area fractions were very close to the sulfur wt. %, while they were close to zero for both sulfur levels in the longitudinal direction. Therefore, the effective inclusions are of much larger area in the transverse direction, as compared to the longitudinal direction. Figure 4 (b) for total inclusions and its similarity to Figure 4 (a) for MnS inclusions indicates that the area fractions of the globular inclusions in all materials are much lower than the sulfide inclusions and that the total inclusions were predominantly sulfides. It should be noted that the detectability of MnS inclusions of the longitudinal sample cross sections is limited due to the small size and resolution of the rating method. Also, it is likely that the method counts the round MnS inclusions in the longitudinal orientation as globular inclusions. 
EXPERIMENTAL PROGRAM
The cylindrical specimens were 65 mm long with 16 mm long grip sections and a 10 mm long test section. The reduced diameter of the test section was 5 mm, whereas the grip section was 12.5 mm in diameter. All specimens were checked for straightness and symmetry. After machining, the specimens were heat treated, ground and polished to a 3µ surface finish to ensure that all machining marks were removed from the specimens prior to testing. After polishing, the specimens were coated with an epoxy at the location of the extensometer knife edges in order to protect the specimen surface condition. The same specimen geometry was used for both fatigue and tensile tests.
Closed-loop servo-hydraulic test frames controlled by digital servo-controllers were used to perform the tests. An extensometer with a 7.62 mm gage length rated as ASTM Class B1 was used to control strain. The load train, consisting of the load cell, actuator, grips, and specimen, were carefully aligned prior to testing. An alignment fixture along with a straight cylindrical bar with strain gages was used to align the load train.
Two monotonic tension tests were performed on each material. The testing was conducted according to ASTM Standard E8 (12) . Constant amplitude uniaxial fatigue tests were performed on the materials. The tests were conducted according to ASTM Standard E606 (13) . For this study, at least seventeen specimens at six or seven different strain amplitudes ranging from 0.225% to 2% were utilized for each material and hardness.
The tests were conducted in strain control with the exception of some long life and run-out tests. For the longer life tests the control was switched from strain to load after the load had stabilized in strain control. In strain control the frequencies used varied from 0.2 Hz to 2 Hz depending on the strain amplitude and remained unchanged after switching to load control for longer life tests. For the run-out tests, the test was started in strain control and then switched to load control if the strain was all elastic and no plastic strain was building up. The frequency for run-out tests in load control was increased to 25 Hz. A triangular waveform was used for all tests. The computer software automatically recorded data for the test at intervals of 2 n cycles waveform.
EXPERIMENTAL RESULTS AND COMPARISONS OF MATERIAL PROPERTIES
From Figure 6 (a), it can be seen that the differences in the yield strengths (YS) and ultimate tensile strengths (UTS) for the different sulfur levels was not significant for a given hardness. Figure 6 (b) shows that there was little reduction of area (RA) or elongation of gage length (EL) before fracture for the high sulfur transverse samples. The ductility and toughness were reduced considerably by the increase in sulfur content for the transverse samples. The high sulfur transverse samples at both hardness levels failed shortly after yielding. Reduction of transverse ductility measured as percent reduction in area and percent elongation as a function of sulfur content as well as area fraction of MnS inclusions is shown in Figure 7 . Note that since variation of sulfur content with area fraction of MnS inclusions in the transverse direction is linear, as shown in Figure 4 , the variation of ductility is the same with either the sulfur content or the area fraction of MnS inclusions. Figure 8 shows the impact energies of the materials. At 50 HRC, the reduction in impact energy in the transverse direction, when compared to the longitudinal direction, was 38% at the ultra low sulfur level, about 41% at the low sulfur level and a drastic 74% at the high sulfur level. At 40 HRC, the reduction of impact energy in the transverse direction was 16% at the ultra low level, 58% at the low sulfur level and a steep 81% decrease at the high sulfur level. The anisotropy in impact energy due to the sulfur content was higher at 40 HRC than at 50 HRC, except at the ultra low sulfur level. The material showed higher toughness at 40 HRC than 50 HRC for all material conditions. For the high sulfur transverse samples, the impact energies were the same at both hardness levels. Thus, the effect of sulfur predominates in the high sulfur material and limits the toughness despite the differences in strength. Figure 9 indicates that for the transverse samples subjected to axial fatigue strain at 1% amplitude, the lowest mid-life plastic strain amplitude is noted for the high sulfur material, while the highest level is for the ultra low sulfur material. For the longitudinally loaded samples, both high and low sulfur levels show the same plastic strain amplitude. In low cycle fatigue, the ability of a material to plastically deform has a strong influence on its fatigue life. Therefore, lower plastic strain amplitude in this life regime or during overload cycles, often leads to shorter life. Figure 10 shows the stress amplitudes at mid-life for the different materials at a high strain amplitude (1%) and at a low strain amplitude (0.325%). For the high strain amplitude level, the stress amplitude is highest for the high sulfur material and lowest for the ultra low sulfur material among the transverse samples. The lower stress amplitude of the lower sulfur materials is attributed to higher plastic deformation and cyclic softening when compared to the high sulfur material at both hardness levels. But for the longitudinal samples, both the high and low sulfur materials exhibited the same stress amplitude and the same amount of plastic deformation for a given strain amplitude level. The stress amplitudes are identical for all materials for the low strain amplitude (i.e. ε a = 0.325%), as the tests were fully elastic and stress amplitudes were the products of the Young's modulus and the strain amplitudes. Figure 11 indicates that at 50 HRC, there is about an order of magnitude difference in fatigue life between the high sulfur and the low sulfur transverse materials and about two orders of magnitude difference between the high sulfur and the ultra low sulfur materials at both high and low strain amplitudes. At 40 HRC, there is about two orders of magnitude difference at 1% strain amplitude and about one order of magnitude difference at 0.325% strain amplitude between the high sulfur and the ultra low sulfur materials. However, at 40 HRC there is not much difference between the low and the ultra low sulfur level materials at either the high or the low strain amplitude levels. Also, the fatigue life of the ultra low sulfur material is very close to the fatigue lives of the longitudinal specimens. The improvement in life of the ultra low sulfur material in the short life regime at 50 HRC can be thought of as a consequence of significant improvement in ductility and toughness by the very low sulfur content. At 40 HRC, the low sulfur material is already fairly ductile and so a very significant difference is not observed between the low and ultra low sulfur materials. This is consistent with the tensile test results where a much higher improvement in ductility is noticed between the 50 HRC low and ultra low sulfur materials, when compared to the corresponding 40 HRC materials.
For two hardness levels of a given material, normally longer life would occur from the lower hardness at high strain amplitudes (short life region), and the higher hardness material would exhibit a longer life at low strain amplitudes (long life region). This was true for the lower sulfur materials. In the long life regime of the high sulfur materials, however, the 50 HRC material did not show a better life than the 40 HRC material. This is because, the inclusions have a more pronounced effect at higher hardness and more so in the long life regime. Therefore, the long life regime fatigue curve of the 50 HRC high sulfur material showed a relatively deeper downward trend.
Fatigue limit values, defined as the stress amplitude at which no failure occurred in 10 million reversals are presented in Figure 12 . At 40 HRC, the ultra low S material exhibited the same fatigue limit as the low S material. This is because the maximum size of the inclusions appears to be the same for the two materials (as can be observed from Figures 3(b) and 3(c) ) despite a more sparse inclusion distribution for the ultra low S material. The high sulfur and the low sulfur materials have the same fatigue limit at 40 HRC and at 50 HRC (i.e. independent of hardness). This indicates that in the long life regime in the transverse direction, the sulfur level dominates more than the difference in hardness effect. However, the ultra low sulfur material at 50 HRC has a higher fatigue limit than the one at 40 HRC. It appears that when the sulfur level is reduced to that extent, the effect of the increased hardness begins to show for the transverse samples. At 50 HRC, the fatigue strength was 30% lower for the high sulfur material when compared to the ultra low sulfur material (639 MPa) and at 40 HRC this difference was 25%. The fatigue limit for the transverse samples of low and ultra low sulfur at 40 HRC were about 8% lower than the corresponding values in the longitudinal direction.
From Figure 12 , it is also observed that the cyclic yield strength of the high sulfur material is higher than the other two materials at both hardness levels. The cyclic yield strength of the ultra low sulfur material was very close to the value for the longitudinal materials. Comparing the monotonic and cyclic yield strength values from Figures 6(a) and 12 respectively, it can be noted that SAE 4140 steel at HRC 40 and HRC 50 cyclically softens in all cases. 
FRACTOGRAPHY
SEM was used to study fractographic features including the vastly different fracture surfaces for the three sulfur levels, as well as the fracture origins and mechanisms. Energy Dispersive Spectroscopy (EDS) spectrums were used to identify the inclusions found at some fracture origins. In order to examine the origin of the fatigue failures, one specimen each at high and low strain amplitudes was examined for most of the material conditions. The failure mechanism was microvoid coalescence (MVC) in all cases.
Specimen surface cracks that were not related to the final fracture surface were observed at high strain amplitudes for all three materials and at both hardness levels (see Figure 13 ). This indicates that cracks nucleated rather early in life at high strain amplitudes.
(a) (b) Figure 13 : Surface cracks that did not result in failure at (a) strain amplitude of 0.65% for high sulfur material at 40 HRC, and (b) strain amplitude of 2% for ultra low sulfur material at 50 HRC
SUB-SURFACE FAILURES AT 50 HRC
At 50 HRC, all three sulfur level materials exhibited two different failure modes at some of the lower strain amplitude levels (at or lower than 0.385%), with some specimens demonstrating sub-surface failure and others, surface failure. There was considerable scatter of fatigue life between the two failure modes. The subsurface failures exhibited much longer life. Figure 14 shows the SEM overview of fracture for the low sulfur material at 0.325% strain amplitude for two specimens, one with surface failure, and another with sub-surface failure.
Figure 14(a) shows the fracture surface of the surface failure. At the initiation site (indicated by the arrow in the figure) , there is a fracture feature that is parallel to the specimen axis and extends from the surface to a depth of about 250 microns (like a step). There were other parallel features on the fracture face suggesting that fracture may have initiated at the intersection of an elongated MnS inclusion with the specimen surface. EDS analysis of this crack-like feature did not confirm this possibility. Shear lips were found on the remaining circumference other than the fracture origin. The inclusion at the heart of the sub-surface failure shown in Figure 14 (b) was a globular oxide of 22 microns diameter containing large amounts of calcium and aluminum and small amount of sulfur.
In order to explain the two different modes of failure, residual stress measurements in the longitudinal and circumferential directions were made about 3 mm inboard of the fracture surface for a surface failure specimen as well as a sub-surface failure specimen. The residual stress measured was approximately -200 MPa in the longitudinal direction for both specimens. Although the sub-surface specimen did exhibit a slightly higher compressive residual stress, the difference was not significant. Therefore, the differences in life and failure mode could not be attributed to residual stress. If a large inclusion is present near the surface or intersects the surface, prematurely short life might be caused. However, if no such inclusion intersects the surface, the specimen does not fail at the surface for the low stress level applied (at or below expected fatigue limit stress). At 0.325% strain amplitude, the life for the sub-surface failure shown in Figure 14 (b) was a million cycles, while the life for the surface failure shown in Figure 14 (a) was about 55,000 cycles.
HIGH SULFUR MATERIAL
For the high sulfur material, two specimens exhibited different failure modes at 0.25% strain amplitude. An elongated MnS inclusion was found at the center of the sub-surface failure. A step-like feature can be seen near the fracture initiation site of the surface failure in Figure  15 . It is possible that an elongated MnS inclusion had been present. For the high sulfur materials at high strain amplitudes, the failure originated from the surface at both hardness levels. It is probable that failure initiated from surface inclusions. Figure 16 shows the failure initiation site at the surface at high magnification for a high sulfur 50 HRC specimen at high strain amplitude (1%). Several MnS inclusions at and around the fracture origin can be observed. 
ULTRA LOW AND LOW SULFUR MATERIALS
The main crack initiated at the surface (no inclusion was found at or near the fracture surface) and then grew across the fracture origin for both the ultra low and low sulfur materials. The fracture surface was not flat, indicating ductile rupture. Unlike the high sulfur material, the fracture surfaces of these materials indicated a clear initiation point, a crack growth region and a region of final fracture.
For the ultra-low sulfur material at 40 HRC, two out of the three run-out level tests performed failed after one million cycles and fractures were sub-surface, originating from internal elongated MnS inclusions. These were unusually large inclusions (i.e. not indicated by the inclusion inspection and characterization). A clear "fisheye" pattern was observed. Furuya et al (1) report that such inclusions prompt fish-eye failures and are observed to eliminate the fatigue limit of high strength steels. They also report that such inclusions also reduce the fatigue limit by causing giga-cycle failure in the long life regime. A mix of surface and sub-surface failures in the high cycle fatigue regime results in unusually large scatter in this regime. 3. The ultimate tensile strength and the yield strength in the transverse direction did not change significantly with the sulfur content for a given hardness.
4. Ductility in the transverse direction was affected considerably by the increased sulfur content. The true fracture ductility was limited to less than 1.5% for the high sulfur material at both hardness levels investigated (40 HRC and 50 HRC).
5. The reduction in impact energy in the transverse direction, when compared to the longitudinal direction, was about 40% for the ultra low and low sulfur materials, and 74% for the high sulfur material at 50 HRC. At 40 HRC, the reduction of impact energy in the transverse direction was 16% at the ultra low level, 58% at the low sulfur level and 81% decrease at the high sulfur level.
6. At 50 HRC there was about an order of magnitude difference in fatigue life between the high sulfur (0.077% S) and the low sulfur (0.012% S) transverse materials and about two orders of magnitude difference between the high sulfur and the ultra low sulfur (0.004% S) materials in both the short and the long life regimes.
7. At 40 HRC, there was about two orders of magnitude difference in short life and about one order of magnitude difference at long life between the high sulfur and the ultra low sulfur materials in the transverse direction. At this hardness level, there is not much difference between the low and the ultra low sulfur level materials in either the low or the high cycle regime. Also, the fatigue life of the transverse ultra low sulfur specimens is very close to the fatigue lives of the longitudinal specimens.
8. At low sulfur (0.012% or lower) and high strains, the fatigue life on the transverse samples increased in the low cycle regime and decreased in the high cycle regime as hardness increased from HRC 40 to HRC 50. At high sulfur (0.077%), the increased hardness did not increase fatigue life in the high cycle regime. This is because inclusions have a more pronounced effect at higher hardness and more so in the long life regime.
9. At 40 HRC, the ultra low sulfur material exhibited the same fatigue limit in the transverse direction as the low sulfur material. This is because the maximum size of the inclusions was the same for the two materials, despite a more sparse inclusion distribution for the ultra low S material. At 50 HRC the fatigue strength in the transverse direction was 30% lower for the high sulfur material when compared to the ultra low sulfur material and at 40 HRC this difference was 25%.
10. For the short life tests in the transverse direction, surface cracks that did not result in failure were found for all sulfur level materials and at both hardness levels, indicating that the cracks initiated near the surface very early in the fatigue life.
11. The rough fracture surface of the high sulfur material indicated that multiple cracks nucleated from MnS inclusions (both surface and internal) and grew, often offset from one another. This resulted in rough final fracture surface.
